ABSTRACT The rat proximal tubule epithelium is represented as well-stirred, compliant cellular and paracellular compartments bounded by mucosal and serosal bathing solutions. With a uniform pCO2 throughout the epithelium, the model variables include the concentrations of Na, K, Cl, HCO3, H2PO4, HPO4, and H, as well as hydrostatic pressure and electrical potential. Except for a metabolically driven Na-K exchanger at the basolateral cell membrane, all membrane transport within the epithelium is passive and is represented by the linear equations of nonequilibrium thermodynamics. In particular, this includes the cotransport of Na-Cl and Na-H2PO4 and countertransport of Na-H at the apical cell membrane. Experimental constraints on the choice of ionic conductivities are satisfied by allowing K-Cl cotransport at the basolateral membrane. The model equations include those for mass balance of the nonreacting species, as well as chemical equilibrium for the acidification reactions. Time-dependent terms are retained to permit the study of transient phenomena. In the steady state the energy dissipation is computed and verified equal to the sum of input from the Na-K exchanger plus the Gibbs free energy of mass addition to the system. The parameter dependence of coupled water transport is studied and shown to be consistent with the predictions of previous analytical models of the lateral intercellular space. Water transport in the presence of an end-proximal (HCO3-depleted) luminal solution is investigated. Here the lower permeability and higher reflection coefficient of HCO3 enhance net sodium and water transport. Due to enhanced flux across the tight junction, this process may permit proximal tubule Na transport to proceed with diminished energy dissipation.
INTRODUCTION
The proximal tubule reabsorbs the bulk of the plasma filtrate created at the glomerulus. In the mammalian kidney, this is a briskly transporting epithelium, and the large volume of water transported is powered by metabolically-driven solute reabsorption (Windhager et al., 1959; Morel and Murayama, 1970) . The actual forces that drive this water from tubular lumen to peritubular capillaries remain an area of controversy. In part, this controversy derives from the high water permeability of this epithelium, with the consequence that the net forces required are small, and their measurement is technically difficult. Nevertheless, the available data indicate that the observed water transport cannot totally be ascribed to the establishment of a transepithelial osmotic gradient (with a tubule lumen hypotonic to plasma). Indeed, along the length of the proximal tubule, the tubule fluid osmolality was found to be isosmotic with plasma (Gottschalk, 1963) , or at best, only slightly hypotonic (Bishop et al., 1979; Green and Giebisch, 1982) .
For the mammalian proximal tubule the rationalization of the forces of water reabsorption is further complicated by the changing ionic composition of the luminal fluid as one moves from early to late proximal tubule. Due to acidification of tubule contents there is progressive depletion of luminal bicarbonate. Although cryoscopically nearly isosmotic to plasma, the late proximal tubule solution is higher in chloride and lower in bicarbonate than the peritubular plasma. This ionic asymmetry can provide a force for net water reabsorption if the osmotic reflection coefficient for bicarbonate is greater than that for chloride.
Available data indicate that this is likely for proximal tubule, both from measurements of reflection coefficients (Ullrich, 1973) and measurements of water flux across perfused proximal tubules with an imposed transtubular ionic gradient (Schafer et al., 1975, Neumann and Rector, 1976) . Nevertheless, these forces are operative only in the later segment of the proximal tubule and still may provide for only a fraction of the net water reabsorption. One is led, therefore, to consider mechanisms of intraepithelial solute-linked water transport. Intraepithelial solute-solvent coupling has been well-documented in such tissues as gallbladder and small intestine, that, like the proximal tubule, can sustain large volume flows between isosmotic media. Like the proximal tubule, this volume flow is proportional to the rate of metabolically driven salt transport. It is generally believed that in these epithelia the lateral intercellular space is the locus of intraepithelial solute-solvent coupling. Salt transport into the interspace creates a region of hypertonicity that pulls water across highly permeable cell membranes. Small elevations of hydrostatic pressure within the interspace propel this solu-$1.00tion outward across the basement membrane and into the serosal bathing medium. The feasibility of such a system has been demonstrated by elaboration of mathematical models that can simulate the water transporting parameters of the gallbladder epithelium (Weinstein and Stephenson, 1981a) .
Several mathematical models have been used in connection with proximal tubule water transport. Sackin and Boulpaep (1975) and Huss and Marsh (1975) published single solute, nonelectrolyte models of the lateral intercellular spaces of the proximal tubule of Necturus and of the rat. Although these models allowed for solute diffusion within the interspace, the solutions of the model equations showed no significant solute gradients. Based on this work, and subsequent confirmation both numerically and analytically in gallbladder models (Weinstein and Stephenson, 1981 b) , we consider the interspace as a single, well-stirred compartment. Sackin and Boulpaep (1975) used this simplification to formulate a model of Necturus proximal tubule that included the cell as a well-stirred compartment and that recognized the two ionic species, Na+ and Cl-. This permitted the inclusion of electrical potential as a model variable and the incorporation of model parameters obtained from electrical experiments. Huss and Marsh (1975) and, subsequently, Huss and Stephenson (1979) in a single solute cell and interspace model, included a compliance law for the lateral intercellular space. This represented more realistically the observed changes in interspace dimensions in response to variations in pressure. Schafer et al. (1977) , modeling the lateral intercellular space of the rabbit proximal tubule, were the first to incorporate the bicarbonate species in their model, and in particular, to formally consider the effect of chloridebicarbonate asymmetry on water transport. Their boundary conditions, however, included an infinitely permeable channel basement membrane, and thus implicitly denied the possibility of substantial intraepithelial solute-solvent coupling. The intraepithelial coupling of solute and water fluxes will be considered here in detail. Finally, note the elegant model by Wang and Deen (1980) of CO2 transport across the rat proximal tubule cell. The model predicted only a small CO2 gradient across the tubule, comparable with that which was subsequently measured (3.3 mm Hg across the early proximal tubule, by Gennari et al. [ 19821) .
In this investigation a uniform pCO2 has been assumed throughout the cell and interspace.
The model of proximal tubule presented here is comprised of well-stirred, compliant, cellular and intercellular compartments bounded by infinite luminal (mucosal) and peritubular (serosal) bathing media. The model solutes are Na+, K+, Cl-, HC03-, HP04= H2PO4-, and H. Within the cell there is an anionic impermeant species that may also serve as a proton buffer. In the Model Equations section the time-dependent mass balance equations are formulated for this system in a manner that allows for interconversion of species according to pH equilibria. In the Membrane Transport Equations section the transport laws for each species across the individual membranes within the model system are shown. Except for a metabolically driven Na+-K+ exchange at the basolateral cell membrane, all ion movement is given by the linear relations of nonequilibrium thermodynamics. At the apical membrane of the proximal tubule cell, the movement of Cl-, H2P04-, and H+ are all coupled to the movement of Na+. In this section a condition is derived for the degrees of coupling of these species to insure that the apical cell membrane is a "passive" structure in the thermodynamic sense. The Choice of Parameters and Numerical Methods section displays the parameters chosen for the model, taken to achieve compatibility with what is known of the rat proximal convoluted tubule. Here the arguments will be made for choosing basolateral K+-Cl-cotransport as a mechanism for rationalizing the net fluxes of these species with the electrical resistance of the membrane.
The steady-state solution of the model equations and some of the "permeabilities" of the model epithelium are presented in the Steady State Open-Circuited Epithelium section and compared with data from the rat. Utilizing the thermodynamic formulation of the membrane transport equations, the energy dissipation of the model epithelium is calculated and related to the free energy of hydrolysis of ATP. In view of the interconversion of reacting species there is no simple mass conservation that can be verified for these species. What is done, however, is that the relatively small free-energy input from mass entry into the system is added to the energy input from the Na+-K+ exchanger and this sum is shown equal to the energy dissipation. Conservation of energy is verified for each steady-state problem to within the limits of accuracy of the computer.
The final section explores the water transporting properties of the model epithelium. The parametric dependence of uphill water transport and of isotonic transport for this acidifying epithelium are shown to be in qualitative agreement with results previously derived for the gallbladder epithelium. Isotonic transport is found to be crucially dependent upon cell membrane water permeability, but little influenced by interspace basement membrane solute permeability. Intraepithelial solute-solvent coupling, however, is enhanced both by high cell membrane water permeability and by low interspace basement membrane solute permeability. When such coupling is significant, the cell membrane water permeability will be substantially greater than the epithelial water permeability measured with an imposed osmotic gradient. The effect of luminal bicarbonate depletion on water transport and proton transport is calculated for several values of pCO2. In these circumstances it is shown that in the presence of anion asymmetry the paracellular pathway may assume increased importance as a route for Na reabsorption. This paracellular reabsorption occurs with a substantially reduced energy dissipation per mole of sodium transported.
It suggests a selective energetic advantage for the low resistance shunt pathway in this segment of the nephron. Cs serosal equilibrium osmolality, deviation from reference for which reabsorbate osmolality is equal to peritubular osmolality (mucosa at reference) C strength of transport, maximum osmotic gradient against which volume can be transported.
GLOSSARY

MODEL EQUATIONS
The model configuration is depicted schematically in Fig. 1 and the notation used for the model variables and parameters is indicated in the Glossary. There are four compartments to the system representing the luminal or mucosal (M) solution, the peritubular or serosal (S) solution, the intracellular compartment (I), and the lateral intercellular space or extracellular compartment (E 
The reacting species must be considered separately.
Within the cell there is conservation of total buffer 
Finally, the net creation of protons within the cell must be equal to the new buffer created within the cell in the form of bicarbonate, basic phosphate, or impermeant base
A similar equation, without impermeant buffer, applies to the interspace. The reacting species are assumed to be always at pH equilibrium. This yields the additional model equations C4a pH. -6.1 = -log C7a -6.1 = log 0.03 . pC2 (6) PHa -6.8 = -log C7a-6.8 = log-. For the cell, a similar type of relation is assumed to exist for the impermeant buffer
For the mass balance Eqs. 1-5 the cell and channel volumes are expressed as linear functions of the pressures within each compartment. This approach is, of necessity, empirical, but is intended to eliminate the unrealistically large swings in intraepithelial hydrostatic pressures that may occur in models of fixed geometry. In the gallbladder, for example, Spring and Hope (1978) have shown that even small increments in serosal hydrostatic pressure may result in substantial increases in the volume of the lateral intercellular space. As in previous gallbladder models, the area of the channel basement membrane, AES, has been written in the form of a compliance relation of the cell and channel pressure difference
The channel flares linearly to its widest bulge, b -AES, at the midpoint and then tapers linearly to a fixed tight junction area, AME. The volume of the channel is then VE= 4(AES + 2b * AES + AME),
where L is the height of both cell and channel, i.e., epithelial thickness. The cell height itself has been written as a function of the intracellular pressure and, as in previous models, is of the form
With this type of a compliance relation (and a relatively large VL), intracellular pressures remain small in the model calculations reported in this work. Note that the cell height is also the epithelial volume (cm3/cm2) so that the cell volume is calculated as the difference of epithelial volume and channel volume, VE.
MEMBRANE TRANSPORT EQUATIONS
To solve the system of equations developed in the preceding section, it remains to specify the membrane fluxes in terms of the intensive variables. Fromter (1974) , following Sauer (1973) , has presented a set of relations in a form convenient for physiological problems. For a system of n solutes, the volume flow, Jv, across a membrane is n J, = LpAp -LRTZo i ACi, (15) i-I where Ap and AC represent pressure and concentration differences across the membrane of interest. Lp is the water permeability of the membrane, oj is the ionic reflection coefficient, and RT the product of the gas constant and absolute temperature of the system. For solutes, the flux Ji, is written as the sum of three terms, representing convective, diffusive, and metabolically driven transport n = (1 -j)CjJ, + E LijAtij + JaIct (16) jiHere A,ij is the electrochemical potential difference of the solute across the membrane AAj = RTAln Cj + zjFA# (17) and C, is a mean membrane concentration of species i
The coefficient, L1j, relates the flux of species i to the electrochemical driving force on species j. When i : j this permits a representation of coupled solute fluxes. From thermodynamic theory, mutual interactions (near equilibrium) are equal, so that Lij = Lji (Sauer, 1973) .
For subsequent considerations it will be useful to relate the coefficients of Eq. 16 to the common measures of ion permeation, the partial conductance, and the permeability. For the passive transport of dilute solutions across membranes, in the steady state, Sauer (1973) has identified the dissipation of free energy, 4), as the product of the flows and conjugate driving forces used in Eqs. 15 and 16
The energy input into the system from metabolically driven transport is just the sum of terms membrane all ion coupling is presumably with a single species, i.e., Na+. To formulate this result recall the "degree of coupling" utilized by Essig and Caplan (1968) But by the Cauchy-Schwartz inequality (j-2 j) ( 2 ) LjX2 and, using Eq. 24
Thus the difference of these terms is nonnegative and the quadratic form is positive, as desired.
As a consequence of this proposition, the actual task of choosing parameters for the apical cell membrane is that of choosing the straight coefficients, Lj, and then the degrees of coupling, qj, so that Eq. 24 is satisfied. The coefficients Lij are then back-calculated according to Eq. 23. The parameter selections are indicated in the following section.
CHOICE OF PARAMETERS AND NUMERICAL METHODS
Unless otherwise specified the parameters used in the model calculations are those displayed in Table I . Wherever possible, parameter choices have been made so as to be concordant with experimental data from the rat proximal tubule. Although for many of the parameters there are no direct experimental determinations, their choice has been dictated by the desire to achieve cellular concentrations and potential (Table II) as well as whole epithelial fluxes and permeabilities (Table III) compatible with the rat proximal tubule epithelium.
The apical cell membrane area, amplified by microvilli, has been taken equal to the lateral cell membrane area, amplified by membrane infolding, both 45 cm2/cm2 epithelium. The equality of these two membrane areas has been demonstrated in rabbit proximal convoluted tubule by Welling and Welling (1975) who found an amplification factor of 20 or 36, depending on either a basal or apical epithelial reference area. The unit membrane water permeability has been taken at 3.8 x 10-4ml/s . cm2OsM. This is only slightly larger than the estimate of the water permeability of the rabbit proximal straight tubule peritubular membrane of 2.9 x 10-4mI/s * cm2 OsM by Gonzalez et al. (1982) and within the range of unit water permeabilities for red cell membranes (Macey, 1979) . The cell membranes have been taken to have reflection coefficients of 1.0, so that all solute species exert their full osmotic effect. This is compatible with the data of Gonzalez et al. (1982) for proximal tubule and Persson and Spring (1982) for gallbladder cells. The channel basement membrane water permeability used is that of Welling and Grantham (1972) for rabbit proximal tubule basement membranes, and their finding of basement membrane solute reflection coefficients of zero is also incorporated into the model. The water permeability of the tight junction is, at present, unknown for any epithelium. In the present calculations, the water permeability of the junction was chosen so as to be equal to the transcellular water permeability. Solute reflection coefficients were then selected to achieve agreement with the whole epithelial reflection coefficients determined for the rat proximal tubule (Table III) .
The apical membrane sodium permeability is the major determinant of the net transepithelial sodium flux. This value was selected, therefore, so as to yield the desired flux. Spring and Giebisch (1977) have shown that the basolateral sodium pump may be thought of as a high capacity transporter that increases its activity in a linear fashion in response to increases in the intracellular sodium concentration. An empirical pump law has been incorporated into the model (Table I ) with constants chosen to achieve an intracellular sodium concentration comparable with that obtained by electron probe analysis (Thurau et al., 1981) . Note that in all the model calculations it is the concentrations of the ionic species that are employed. Obviously, in the mass balance equations, the concentrations are necessary to specify the compartmental solute contents, but ionic activities should be employed in calculating the driving forces across membranes. The activity coefficients, relating cell ion activity to ion concentration, are, unfortunately, unknown. The use of concentrations in these calculations introduces, implicitly, the assumption that activity coefficients for each compartment are equal. The acceptability of this assumption has been suggested by Spring and Kimura (1979) but cannot be considered secure (Khuri, 1979) .
Based on studies of the Na-K ATPase in red cells, nerve, and in several epithelia, it appears that the hydrolysis of each molecule of ATP is associated with the outward movement of three sodium ions and the inward movement of two potassium ions (Glynn and Karlish, 1975; Nielsen, 1979; Kirk et al., 1980) . Accordingly, a metabolically driven potassium pump has been included in the lateral cell membrane, transporting at a rate that is two-thirds of the active sodium flux. This creates a large, potassium influx into the cell and poses somewhat of a problem for selecting potassium permeabilities of the cell apical and basolateral membranes. If one considers an intracellular potassium concentration of 135 meq/liter (Thurau et al., 1981) and an intracellular potential of -74 mV (Fromter et al., 1971) , or as in the present model calculations, 141 meq/ liter and -73 mV, then relative to a peritubular bath with 5 meq/liter potassium, the electrochemical driving force for potassium out of the cell is 1.1 or 1.3 J/mmol. These are comparable with the driving force of 1.6 J/mmol obtained recently by Cemerikic et al. (1982) using K-selective microelectrodes. If potassium exit back across the basolateral membrane were entirely diffusive and amounted to 5 x 10-6 mmol/cm2s (half the net sodium flux), then, using the model parameters, the thermodynamic permeability coefficient for potassium would be 3.8 x 10-6 (mmol)2/J . s . cm2. Using Eq. 19, this corresponds to an electrical resistance of 28 12cm2 indicating a pathway four times more conductive than the total electrical conductivity of the membrane (Fromter, 1979) . Exit across the apical membrane cannot be important since the resistance here is roughly three times that of the peritubular membrane (Fromter, 1979) . A particularly convenient solution to this problem of potassium exit is the possibility of coupled K-Cl exit across the basolateral membrane. This will now be considered in relation to chloride transport. Evidence suggests that in the rat proximal tubule there is substantial transcellular chloride flux and that this chloride enters the cell across the luminal membrane in association with sodium. Such NaCl cotransport has been clearly demonstrated in gastrointestinal epithelia (Frizzell et al., 1979) and in the proximal tubule of Necturus by Spring and Kimura (1978) . In the rat there is substantial NaCl reabsorption when the lumen contains a high chloride, bicarbonate-depleted solution (Green and Giebisch, 1975a) , and two-thirds of this flux may be inhibited by the luminal application of furosemide (Lucci and Warnock, 1979) . Given these observations, luminal membrane chloride permeability and coupling coefficient to sodium have been selected to achieve the desired reabsorptive chloride flux. The problem of basolateral chloride exit involves considerations similar to those for potassium. For a cellular chloride concentration of 35 mM, a peritubular concentration of 113 mM, and a cell electrical potential of -74 mV, there is a driving force for chloride across the basolateral membrane of 4.1 J/mmol. To obtain a flux of 5 x 10-6 mmol/s . cm2 (half the net sodium flux) across this membrane requires a straight permeability coefficient of 1.2 x 10-6 (mmol)2/J . s * cm2 or a partial conductance of 89 Q2cm2. As indicated above, this is comparable with the total conductance of this membrane. However, in ion substitution experiments no appreciable chloride conductance is found (Fromter, 1974) . The existence of basolateral K-Cl cotransport, as has been posited for gallbladder (Reuss, 1979; Gunter-Smith and Schultz, 1982) , can provide a mechanism for electrically silent chloride exit and has been incorporated into this model. Chloridebicarbonate countertransport would appear to be energetically unfavorable for chloride exit (Table II) .
The presence of a Na+/H+ countertransport system in the apical membrane of the rat proximal tubule was securely established by Murer et al. (1976) using a suspension of vesicles prepared from this membrane. Such countertransport has been confirmed in the rabbit proximal tubule by the vesicle experiments of Kinsella and Aronson (1980) . In both preparations the Na+/H+ exchange is an electroneutral process, indicating one-to-one stoichiometry. Note that the thermodynamic coefficients selected for the apical membrane in this model represent an amalgam of several parallel pathways for sodium through the membrane. As such, the net coupling of sodium to proton flux may be far from complete. In their micropuncture experiments in the rat proximal tubule, Green and Giebisch (1975b) have indicated maneuvers that can substantially change the coupling of these fluxes. The model parameters have been chosen so as to achieve the desired net luminal acidification rate, a neutral cell pH (Khuri, 1979) , and substantial bicarbonate permeability of the basolateral cell membrane (Fromter and Sato, 1976) . A baseline pCO2 of 50 mm Hg has been used in accordance with the data of Gennari et al. (1982) .
The coupling of Na+ to H2PO4 at the apical cell membrane has been suggested by Bank et al. (1974) , and has been incorporated into this model. The magnitude of the coefficients at apical and basolateral membranes was selected to obtain reasonable cell phosphate concentrations and a phosphate to sodium net flux ratio comparable with their luminal concentrations (Sutton et al., 1979) . It may be verified in Table I that for the coupled fluxes at the apical cell membrane q3 + q2 + q7 = 0.91, so that the proposition of the previous section guarantees that this is a thermodynamically passive structure.
There is little guidance from the literature in the choice of permeabilities for the components of the paracellular pathway, tight junction and channel basement membrane. There is, presumably, no ion-ion coupling at either of these structures, so that the permeability selection is essentially a choice of partial conductance for each species. The total resistance of the tight junction is of the order of 5 Qcm2 (Fromter, 1979) and this was taken as a constraint on the model parameters. The resistance of the channel basement membrane was assumed to be 1 I1 cm2, which gave reasonable agreement with the net water permeability of the epithelium. (The effect of basement membrane solute permeability on epithelial water permeability will be considered in the last section.)
The numerical methods used in solving the model equations were those described in detail by Stephenson (1978) for kidney models, and used previously in the solution of epithelial problems (Weinstein and Stephenson, 1979) . For time-dependent problems the derivatives were represented by a finite difference scheme centered in time. The nonlinear finite difference equations were then solved iteratively using Newton's method. The problems were coded in FORTRAN, running under the RT-11 operating system, on a PDP/ 11/23 processor (Digital Equipment Corp., Marlboro, MA) with 256 kilobytes of memory. A single, steady state problem required -1 min of central processing unit (CPU) time for solution. consequence of the negative current across the apical cell membrane (Table II , Fluxes section). At this membrane, the extensive coupling of sodium to anions and to proton countertransport permits a positive inward sodium flux to establish a net outward current. Although the water transporting properties of this model will be considered in detail in the following section, note that the model predicts that the cell is only 1.7 mOsM/liter hypertonic and the interspace 4.0 mOsM/liter hypertonic to the lumen. Neither of these values is experimentally discernible, but they are, nevertheless, sufficient to drive the large water flow across this epithelium. The electrochemical potentials of the solutes with respect to the peritubular solution are indicated in the Intensive variables section of Table II . Within the cell, no ion species is at its equilibrium potential. Due to active transport at the basolateral membrane, the intracellular sodium is in a deep potential well, and the sodium-proton exchange at the apical cell membrane creates a potential well for protons within the cell. Due to the uniform pCO2 within the system and the reaction equilibrium of protons with bicarbonate, the elevation of bicarbonate above its equilibrium potential is equal and opposite in sign to the lowered proton potential. Similarly, the sum of proton and basic phosphate potentials is equal to that for acid phosphate. Because of the coupled apical entry, the chloride and phosphate are also above equilibrium. In the case of potassium, the potential reflects the balance of metabolically driven input at the basolateral membrane plus the accelerated efflux at this membrane by coupled chloride transport. In this model the balance is a positive potassium potential, and is in agreement with microelectrode observations (Cemerikic et al., 1982) . The free energy changes at the cell apical and lateral membranes have also been indicated in Table II. The energy dissipation at the tight junction, channel basement membrane, and cell basal membrane are all small, with a total contribution of only 23 erg/s. The major loss of free energy in the system occurs at the cell apical membrane with the influx of sodium across a large potential difference. Here some of this energy is recovered with the uphill transport of chloride, phosphate and protons, all showing negative dissipation. Of course, the total dissipation for this membrane is positive. At the lateral membrane, the metabolic energy input is 1,163 erg/s. Most of this, 1,055 erg/s, appears as uphill sodium transport, while the remainder derives from the potassium flux up its small potential gradient into the cell. The figures for sodium and potassium dissipation, which appear in the table, -1,043 and -11.5 erg/s, reflect both the energy input and the back diffusion of these ions across the lateral membrane. The major dissipative energy losses at this membrane are associated with the efflux of chloride and bicarbonate.
STEADY STATE OPEN-CIRCUITED EPITHELIUM
Within the first five significant figures, the energy input from the Na-K exchanger balances the energy dissipation from passive membrane fluxes. When the energy input from mass entry into the system is included, 0.018 erg/s, then energy balance is verified to within the limits of machine accuracy (0.3 x 10-' erg/s). The total energy expenditure, 1,163 erg/s or 0.28 x 10-4cal/s, may be referred to the net sodium transport of 9.4 neq/s, so that the cost of transport is 3.0 cal/meq. This figure may be related to some of the known metabolic parameters of proximal tubule. The changes in renal oxygen consumption with respect to changes in sodium transport have given an estimate of 20-30 meq of sodium transported for each millimole of 02 utilized (Cohen and Kamm, 1981) . A P/02 ratio of 6 and an energy of hydrolysis for ATP of 14 cal/mmol (Veech et al., 1979) translates into 2.8-4.2 calories available for each milliequivalent of sodium to be absorbed. The concordance of this estimate with the computed dissipation is reassuring, but also suggests the requirement of efficient metabolic energy transduction by the Na/K ATPase. Table III (1979) .
::Values as given in the work of Giebisch and Windhager (1973) . §Values as given in the work of Ullrich (1973) .
I I Values as given in the work of Fromter (1979) .
BIOPHYSICAL JOURNAL VOLUME 44 1983 permeabilities were computed using the short-circuited epithelial model. Here, for example, 1 meq/liter of sodium with 1 meq/liter of an impermeant species added to the luminal solution could be compared with the effect of adding 1 meq of the impermeant species alone. By subtraction, this yields values for AJY/ACIM and AJI/ACiM, the changes in volume and sodium flux with changes in the mucosal sodium concentration. The reflection coefficient for sodium is thus Lp AC, M (26) and the sodium permeability is computed by pi = _, -(I -oI)C1 i. (27) ACIM ACIM Here Eq. 27 assumes that AjaCt/AClM, the change in metabolically driven sodium transport produced by a change in luminal sodium, is relatively small. The analagous computations were done for K+, Cl-, and HCO both for increments and decrements of 1 meq/liter; the two permeabilities were averaged and recorded in Table III . The electrical resistance determinations of the epithelium and its individual membranes are the only nonsteady state calculations of this section. For these experiments the epithelium is resting at short circuit at t = 0, when a step increase or decrease of 10 mV is made in the transepithelial potential. The time-dependent system of model equations is then solved for time increments of 2 ms, and the changes in transmembrane currents and potentials at t = 6 ms are used to compute the individual membrane resistances.
One of the important uses of a model, such as this, where all the intraepithelial fluxes and concentrations are known, is the scrutiny of the predictions of simpler representations of epithelial function. One such formulation, used by Fromter et al. (1973) (29) Here the solute flux is represented as a sum of convective, diffusive, and active transport terms. If we use the constants determined in Table III for the model epithelium to analyze the open-circuit fluxes, we obtain for JF, JP, and JPCt 1.8, 0.9, and 7.0 neq/s * cm2 in the case of sodium and 2.8, -1.3, and 3.6 neq/s * cm2 in the case of chloride. With reference to the actual fluxes in Table II , we find that the transjunctional fluxes, JME, and transcellular fluxes, JIE, are 0.7 and 9.0 for sodium and 0.4 and 4.7 for chloride. It appears, therefore, that the omission of the cross coefficients from Eq. 16 in this case has caused a substantial underestimate of the active transport of sodium and chloride and overestimate of the passive fluxes.
WATER TRANSPORT
A program for the systematic exploration of the water transporting properties of a model epithelium has previously been outlined and applied to transport across nonacidifying gallbladder epithelia (Weinstein et al., 1981) . In this scheme, volume and solute transport (mOsM/s * cm2) are Eq. 32 indicates that the osmotic coupling coefficient, y, is equal to the observed volume flow in the absence of external forces, relative to the volume flow required to achieve tra-nsport at the reference osmolality.
In the proximal tubule, osmotic transport equilibrium is achieved when the osmolality of the transported solution is equal to the osmolality of the luminal contents. This equality may be represented by
The left-hand side of Eq. 33 is the luminal osmolality, and C*M is the deviation from reference at which transport equilibrium has occurred. The right-hand side indicates that the reabsorbate osmolality is to be evaluated with the serosal solution at the reference osmolality. A known, unaltered peritubular osmolality would be a legitimate assumption, for example, for an isolated perfused proximal tubule or for a microperfused segment of proximal tubule with its relatively large capillary blood flow. At osmotic transport equilibrium the lumen will continue to be depleted of solutes and water, but its osmolality will remain unaltered. An analogous osmotic transport equilibrium may be calculated for the increment in serosal osmolality, which results in equality with the transported solution CO + CS* = CR(0, CS; CO). (34) This condition may be found in experimental maneuvers in which the peritubular solution is small in volume and, in fact, generated by the reabsorbate (Barfuss and Schafer, 1981) . When both Cm* and Cs are small, relative to the reference osmolality; the epithelium is said to transport water isotonically.
The characterization of water transport must also include the capability of the epithelium to transport water against an adverse osmotic gradient. The gradient that just brings water transport to a halt is termed the "strength of transport." This is denoted by C, and is specified as the solution to the equation Jv(C, 0; C0) = 0.
From very general considerations (Weinstein et al., 1981) it can be shown that if an epithelium is capable of both isotonic transport and transport against a significant osmotic gradient, then intraepithelial coupled water transport must be substantial (y z 1). This is the case, for example, in the rabbit gallbladder epithelium or the rat small intestine. Luminal sodium is decreased by the removal of NaCl; peritubular sodium remains at 0.140 mmol/ml. Mucosal transport equilibrium occurs when the reabsorbate osmolality is equal to the luminal osmolality.
mOsM/liter in oncotic pressure (Lewy and Windhager, 1968) . It may be the case, therefore, that intraepithelial solute-solvent coupling in the rat proximal tubule provides a strength of transport equal to 17 mmol/liter of mannitol (or 24 mmol/liter of NaCl). This is comparable with the strength of transport of the model epithelium with the reference parameter set (see below). The parametric dependence for these features of water transport has been completely delineated for a nonelectrolyte model of the lateral intercellular space (Weinstein and Stephenson, 198 la) . Isotonic transport was achieved whenever the cell membranes and tight junction, in parallel, were sufficiently water permeable, and was uninfluenced by channel basement membrane solute permeability. The capability of uphill water transport, by contrast, was solely determined by the degree of solute trapping within the interspace, and predicted by the ratio of solute transport, J., relative to channel basement membrane solute permeability. The epithelial water permeability, Lp, was found to depend on both parameters, cell membrane water permeability and interspace outlet resistance. Whenever the epithelium was capable of significant uphill water transport, the measured Lp was shown to be an underestimate of the cell membrane water permeability.
Figs. 2-7 and Table IV summarize the results of a series of osmotic experiments using the proximal tubule model. Fig. 2 displays the effect on transepithelial volume flow in six series of steady state experiments in which the luminal NaCl concentration was increased. Each curve corresponds to a different set of values of channel basement membrane solute permeabilities, in which all the thermodynamic coefficients for this membrane were multiplied by a common factor. The reference values are those given in Table I and shows the increasing epithelial water permeability brought about by increasing basement membrane solute permeability. When a transepithelial osmotic gradient is imposed, the accumulation of solute within the interspace will tend to oppose this gradient and impede water flow. With larger basement membrane solute permeability, such intraepithelial solute accumulation is diminished. Fig. 3 shows the effect on reabsorbate osmolality of small decrements in the mucosal NaCl concentration and Fig. 4 shows the effect of small increments in peritubular NaCl. In each figure, net solute flux is computed as twice the sum of sodium and potassium fluxes. Both figures include six curves corresponding to the basement membrane solute permeabilities considered in Fig. 2 . For the highest solute permeability the intraepithelial coupling is lowest and the reabsorbate osmolality for identical bathing media exceeds 1 M. Nevertheless, in each figure, the six curves nearly have a common point of intersection, and the attainment of osmotic transport equilibrium is little influenced by the channel basement membrane solute permeability. Table IV indicates the values of the transport equilibria, CM and Cs*, for each parameter set. For the reference parameter set, luminal transport equilibrium is achieved at an osmotic deviation of 7.4 mOsM/liter, or a decrease in luminal sodium of 3.7 meq/liter. This 2.6% decrease from reference could well have escaped experimental detection, although recently Green and Giebisch (1982) have reported small degrees of luminal hypotonicity in perfused rat proximal tubules.
Between the luman and the lateral intercellular space, water may cross either the tight junction or the apical and lateral cell membranes in series. In Figs. 5-7, the water permeabilities of these "mucosal membranes" have been varied together over a 40-fold range to assess the effect on net water transport. Fig. 5 contains a series of experiments similar to Fig. 2 , in which increments in luminal NaCl concentration retard water reabsorption. The figure demonstrates that the strength of transport is little affected by the mucosal water permeability, although examination of the y-intercepts (and reference to Table IV , only permeabilities at least as great as in the reference parameter set may be said to be compatible with isotonic transport.
The foregoing discussion has emphasized the similarity of the proximal tubule model to the gallbladder models by focusing on the dynamics of intraepithelial solute-solvent coupling in the lateral intercellular space and the role of external osmotic forces in water transport. For the proximal tubule, transporting in vivo, an additional force for water reabsorption has been recognized in the anion asymmetry generated by luminal acidification (Barratt et al., 1974; Schafer et al., 1975) . In the rat proximal tubule, proton secretion typically results in luminal bicarbonate concentrations of from 5-10 meq/liter by the midportion of the tubule (Fromter, 1975) . This creates a bicarbonate gradient from peritubular capillary to lumen with an oppositely directed chloride gradient. Because the tubule chloride permeability is greater than that for bicarbonate, the net result is a positive luminal electrical potential, and with it, an enhanced driving force for passive sodium reabsorption. Further, the greater reflection coefficient for bicarbonate results in a significant transepithelial force for water reabsorption. These mechanisms may be demonstrated in this model of rat proximal tubule.
Figs. 8-10 and diffusion into the lumen. Thus, although proton secretion by the apical Na+/H+ exchanger continues down to a luminal pH of 6.0, net acid entry ceases at a luminal bicarbonate concentration of 5 meq/liter and a pH of 6.6. Fig. 10 addresses the effect of luminal acidification on the energetic cost of sodium reabsorption. Between luminal bicarbonate concentrations of 25 meq/liter and 5 meq/ liter there is a rise in the net transepithelial sodium flux that is completely attributable to an increase in the passive flux across the tight junction. There is, in fact, a slight decline in the sodium flux across the cell apical membrane due to decreased sodium/proton exchange. Since sodium flux across the apical cell membrane is down a large energy hill, any reduction in this flux will result in decreased energy dissipation for the system (bottom panel). Thus, when the bicarbonate has reached 5 meq/liter, there has been a small decline (6.5%) in the absolute dissipation (Table V) . Of more significance, however, is the fact that the transcellular fraction of sodium reabsorption has fallen substantially (from -90% to 60%) so that the relative cost, in terms of calories per milliequivalent, has similarly fallen. Below 5 meq/liter bicarbonate there is a sharp rise in the total energy dissipation, and this reflects increased dissipation at the tight junction due to bicarbonate and proton diffusion.
It Fig. 8 . Middle, the fraction of transepithelial sodium flux that traverses the apical cell membrane. Bottom, total energy dissipation of the system. have been repeated with the ambient pCO2 at 20 and 80 mm Hg. The resulting curves for net transport were virtually superimposable with the figures presented. Chan et al. (1982) have shown, however, that in the perfused rat proximal tubule, luminal acidification is increased with elevation of the ambient pCO2. The results of these calculations suggest therefore that the observed increase in acidification may be due to an effect of CO2 that has not been reckoned with in this model. Such an effect could be the incorporation of new apical membrane (with additional sodium-proton exchangers) as seen in turtle urinary bladder (Gluck et al., 1982) . More likely, it may be a nonlinear enhancement of apical membrane Na+/H+ exchange, which has been reported with cytosolic acidification (Aronson et al., 1982) .
This model may also be used to elucidate the changes within the proximal tubule cell in response to luminal acidification, as they occur over time. This is illustrated in Fig. 11 in which the transient responses of several variables have been plotted following an abrupt decrease in luminal bicarbonate from 25 meq/liter to 5 meq/liter (pH 7.32 to 6.62) . Note that each panel shows a control, steady state value, followed by a logarithmic time scale permitting display of events from 0.1 to 100 s after the step change in luminal solution. Immediately after the luminal acidification there is net acid entry into the cell across the apical membrane and an abrupt fall in sodium reabsorption. Within the first 10 s the cell has been acidified to a pH of 6.92. At this point, acid secretion has resumed and sodium reabsorption has returned to nearly normal. With the transient fall in apical sodium entry, there is a decrease in cell sodium concentration that is partially restored in the time period following the initial 10 s. In the first few seconds, the early loss in cell volume causes a slight rise in the cell potassium concentration. However, with time, the decreased cell sodium results in decreased basolateral potassium uptake that yields a lower steady state cell potassium concentration. Finally, note that examination of the cell potential after the first 10 s of the experiment would lead one to posit an electroneutral Na+/H+ exchange process at the apical cell membrane. The early time course, however, reveals a substantial depolarization of the cell by the apical membrane proton gradient. CONCLUSION A model of the proximal tubule epithelium of the rat has been formulated in which both the sodium transporting and proton secretory properties of the tubule have been represented. Although this is the first mathematical model to achieve this degree of comprehensiveness, it is, in a sense, the minimal model that can be used to study the important forces that drive luminal solute and water reabsorption. For each of the component membranes of the epithelium, the mass transport equations have been cast according to the formalism of linear nonequilibrium thermodynamics. This has been especially important for the representation of coupled ion fluxes across the luminal membrane of the proximal tubule cell, where the multiplicity of ions coupled to sodium permits an inadvertent introduction of an energy source into the model. The analysis of the matrix of thermodynamic permeability coefficients eliminates this danger, and a simple criterion for a passive membrane has been indicated. Indeed, one result of this investigation is that a plausible model of proximal tubule may be elaborated, whose only energy input is the Na+/K+ ATPase at the lateral cell membrane.
With the appropriate choice of parameters, the steady state solution of the model equations shows intracellular concentrations and transepithelial fluxes and permeabilities compatible with the rat proximal tubule. Of interest, the calculated energy dissipation for this model epithelium is consistent with the energy available for transport from the hydrolysis of ATP. In addition, the presence of intraepithelial ion-ion coupling may provide a significant source of error in assigning the active components to the individual ion fluxes, unless this coupling is specifically accounted for in the data analysis.
With the present parameter set, about two-thirds of the observed water transport can be accounted for by intraepithelial solute-solvent coupling, i.e., solute transport into a slightly hypertonic lateral intercellular space. The remaining water flow must be driven by transepithelial driving forces, either luminal hypotonicity and/or anion asymmetry (which together account for -8 mOsM/liter). In the presence of low luminal bicarbonate, there is, in addition to increased water flow, enhanced reabsorption of sodium across the tight junction. The calculation of the energy dissipation in this case shows a decreased energetic cost for sodium reabsorption and suggests a selective advantage for the presence of a paracellular shunt pathway.
In view of the continuing advancement of microelectrode technology, as well as the study of isolated membrane preparations, this can be considered, at best, a tentative model of the rat proximal tubule epithelium. Nevertheless, although the parameter set may require frequent revision, the underlying mathematical structure of the model should be more durable. This type of model provides a useful, if not necessary, means of integrating a wide variety of experimental observations.
